Glassy carbon electrode modified with COOH− and NO 2 −functionalized polyspyrophosphazenes were used to study the redox process of a electroactive probe (ferrocene) in non-aqueous electrolyte. The electrochemical behavior of polyphosphazenes substituted with COOH and NO 2 groups has been studied using cyclic voltammetry. Their blocking properties depend on the substituent group and on the substitution/nitration degree. The oxoreduction of the couple Fc/Fc + occurs with rapid redox kinetic at the modified glassy carbon electrode with high nitration degree NO 2 −functionalized polyspyrophosphazene. The polymers were immobilized on the glassy carbon surface at different concentrations to study surface charge density effect. In this report were studied the reproducibility, repeatability and stability of the modified electrodes.
INTRODUCTION
The polyphosphazenes are a family of inorganic polymers that have backbones consisting of alternating phosphorous and nitrogen atoms [1] . The side groups linked to phosphorus atoms and the ratio in which they are located over the backbone are the main factors determining its physicochemical and chemistry properties. These polymers has been used widely for multiple applications [2] . In earlier works was described the synthesis and characterization of COOH−, as well NO 2 [3] . Recently was reported the synthesis of NO 2 −functionalized polyspyrophosphazenes, where the regioselective and controlled direct nitration of the homopolymer [NP(O 2 C 12 H 8 )] n , [4] was achieved by taking advantage of the unusual high solubility and stability of the precursor in concentrated sulfuric acid, to obtain in one-pot {NP[O 2 C 12 H 8- (2) , with x between 0.2 and 2 with excellent yields [5] . The NH 2 −functionalized polyspyrophosphazenes have been prepared by reduction of mono and dinitrated polymers with the Lalancette´s reagent and have been proposed as tunable and recyclable supports to immobilize alcohol dehydrogenases and lipases [6, 7] . The polyphosphazenes are a versatile class of polymers with interesting chemical and physical properties depending on the attached groups in the backbone to produce a spectacular array of materials with diverse properties and applications [8, 9, 10, 11].
The electrochemical characterization of these kind of compounds have so far little explored. Only the electrochemical behavior of organometallic complexes attached to cyclic and polymeric phosphazenes has been described [12−16] . The focus of this research is to investigate the electrochemical properties of a electrodic surface, as glassy carbon electrode, modified with COOH− as NO 2 −functionalized polyphosphazenes. A search of "modified glassy carbon electrode" in ScienceDirect came up with more than 25000 references, until 2017. However, reports about electrodes modified with polyphosphazenes have been focused only in order to study its properties as i.e. an amperometric glucose biosensor in several beverages [17] . Recently, we have studied the electrochemical behavior of a glassy carbon electrode modified with polyphosphazenes substituted with COOH and NO 2 groups using cyclic and differential pulse voltammetry in non-aqueous media [results will be published soon]. The results obtained broadly describe the differences between the electrochemical properties of the polymers. We showed that the intensity of the electrochemical response is proportional to the substitution degree in COOH− as NO 2 −functionalized polyphosphazenes, which allows to propose an electrochemical via to predict the substituent degree for this kind of polymer only by the measurement of the current intensity.
Therefore, in order to investigate in detail the electrochemical behavior and the barrier properties of the polymers on a electrodic surface and thus to propose interesting and new applications, i.e. electroanalysis, we studied the blocking effect of the glassy carbon electrode modified by either COOH− or NO 2 −functionalized polyphosphazenes in non-aqueous media in presence of a electroactive probe redox couple.
ExPERIMENTAL
All chemicals employed in this work were of analytical-reagent grade: tetrabutylammonium perchlorate (TBAP) Fluka, N, N-dimethylformamide (DMF) JT Baker; dimethyl sulfoxide (DMSO) Aldrich; ferrocene 98%, Aldrich. Extra pure nitrogen gas, Indura.
The synthesis of COOH− and NO 2 −functionalized polyphosphazenes was realized following the procedure previously reported [3, 4, 5] and the x values are described in Table 1 .
Working solutions of polymers were obtained by diluting the corresponding 0.02 M standard stock solutions. The working solutions were obtained by diluting in a 10 mL flask an aliquot of stock solution to a concentration of 1 mM. The flask was diluted to volume with the solvent used for the stock solution. 
Figure 1. Copolymers of polyphosphazenes [NP(O
Voltammetric experiments were performed with CHI 620D workstation (CH Instruments Inc., USA) attached to a PC with the appropriate software for total control of the experiments and data acquisition and treatment. A conventional three-electrode cell was used, a 3-mm diameter glassy carbon electrode (GCE) (model CHI104, CH Instruments) was used as working electrode. 0.8 mm diameter Pt wire and Ag|AgCl|KCl(sat.) electrodes (model CHI111, CH Instruments) were used as counter and reference electrodes, respectively. The working electrode was mechanically polished, rinsed, washed in an ultrasonic bath for 10 minutes and washed with DMF before each measurement. The immobilization of the polymer solutions was performed by casting the GCE with 5 μL of the polymer dispersion. All the voltammetric and open-circuit potential experiments were obtained after bubbling with N 2 for 10 min in the cell before each experiment. The temperature was kept constant at 25±0.1 °C in all experiments.
RESULTS AND DISCUSSION

1.
Electrochemical study of a modified GCE with COOH− and NO 2 −functionalized polyphosphazenes In order to study the effect of a COOH− and NO 2 −functionalized polyphosphazenes film at the surface of a glassy carbon electrode were investigated their electrochemical responses in presence of a electroactive redox specie. The characterization of the glassy carbon electrode after the modification with polymers 1a-1d and 2a-2e were performed using ferrocene redox probe in non-aqueous media. The Figure 2b . show the characterization of GCE before and after the modification with polymers 2a−2e using by the ferrocene redox probe in non-aqueous media. In the figure is possible to observe that a increase in the nitration degree in the polymer chain gives to the modified electrode non-insulated characteristics. The insert shows a linear relation between the nitration degree and the current. The electrochemical response (anodic and cathodic current intensities) of Fc/Fc + couple increases depending on the nitration degree. Oxidation−reduction of the couple Fc/Fc+ occurs with rapid redox kinetic at the modified glassy carbon electrode with NO 2 −functionalized polyspyrophosphazene.
The differences between both types of polymers under the same conditions, could be attributed to the structural differences and the effect of the charge of Fc + ion and its interaction with COOH and NO 2 groups present in the polymer. In this respect, C. Saby et. al. [18] have reported the effect of a 4-carboxyphenyl or a 4-nitrophenyl thin film at the surface of a glassy carbon electrode on their electrochemical responses in the presence of various electroactive probes. The blocking effect of the films depend primarily on electrostatic and electrolyte/ solvent effects. Both COOH and NO 2 groups show that the electrochemical reaction of ferrocene is completely blocked, contrary to polyphosphazenes films behavior.
The behavior of NO 2 −functionalized polyspyrophosphazene with the higher nitration degree which present the best results for of Fc/Fc + couple electrochemical response can be found below.
2.
Effect of the concentration of NO 2 −functionalized polyspyrophosphazene (2e) dispersed on glassy carbon electrode A surface charge density might affect the electrochemical behavior of modified electrodes for this reason, a study of concentration of the polymers onto glassy carbon was performed. These concentration studies allow the determination of the amount of polymer which a dispersion can be prepared to get a good ferrocene Fc/Fc + signal with the modified electrode. These measurements were performed by modifying the five electrodes with polymer 2e (higher nitration degree) at dispersion concentrations between 2 and 10 g/l (Figure 3) . Even though the functionalized NO 2 −functionalized polyspyrophosphazenes conferred non-insulated characteristic to the modified electrode compared to COOH−functionalized polyspyrophosphazenes these polymers do not reach the glassy carbon electrode signals without modification. The optimal concentration dispersions are in the range of 4 to 8 g/l, which have higher anodic signal i p,a . The observed phenomenon can be explained because the range of the dispersion has a greater amount of polymer physically absorbed, which covers a larger surface of the electrode. The best example is the dispersion concentration 4 mg/mL, the values of the current intensity are low and its coefficient of variation is within the acceptable range (% CV < 10%) [19] [20] [21] . Once the electrodes modified with polymers were characterized, the next studies provided more information about the quality of the modification in terms of reproducibility, repeatability and stability of the polymer in solution over time.
3.
Reproducibility, repeatability and stability of GCE modified with NO 2 −functionalized polyspyrophosphazenes
The reproducibility and repeatability of the GCE modified with NO 2 − functionalized polyspyrophosphazenes (2a-2e) were examined . Six electrodes were fabricated based on the same construction type and measured in the same solution. Under these conditions were evaluated the changes of the anodic peak current of the Fc/Fc + signal. To determine the accuracy of these results was calculated their coefficient of variation (CV) considering as acceptable value a %CV < 10% [19] [20] [21] . As seen in Table 3 the CVs for polymers with higher nitration degree (mononitro 2c and dinitro 2e) are lower comparing with polymer 2a (lowest nitration degree) and remain within an acceptable range (%CV < 10%). The modification of GCE with polymers 2c and 2e had good reproducibility. Figure 4 a show that the results of repeatability of the method are acceptable and show that the modified electrode was stable.
Additionally, studies with respect to the temporal stability of the dispersion were conducted with electrodes modified with polymer 2e as well. For the first voltammogram the parameters were measured and recorded initially at point t = 0, while for the second were used the same dispersions, which had been storing away from light and at room temperature until the day of the test (t = 11 weeks, see Figure 4 .b). Six measurements were performed similarly, with different electrodes. The ferrocene redox signal observed in both graphs is the same. The peak currents after 11 weeks storing increase in a 21% of their original values. This increase could be attributed to the oxidation of the electrode at atmospheric conditions. 
CONCLUSIONS
The studies performed by cyclic voltammetry in the modified electrode of polyphosphazenes functionalized with COOH and NO 2 groups, broadly described the differences between the electrochemical properties of these substituents.
We could demostrated that the polymers functionalized with COOH groups gave to the modified glassy carbon electrode insulation characteristics and, under the same conditions, the polymers functionalized with NO 2 groups conferred non insulating properties.
A rapid redox kinetic of the Fc/Fc + system at GCE/NO 2 −functionalized polyspyrophosphazenes electrode but not at GCE/COOH−functionalized polyspyrophosphazenes is reported. This behavior is attributed to structural differences and charge of Fc + ion. As the surface charge density affect the electrochemical behavior of modified electrodes, the study of the concentration of dispersed polymer show that a optimal dispersion concentration is 4 g/l (%CV < 10%). The electrochemical response of the electrodes were reproducible, repeatable but not stable over the time.
